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Summary.4uscle force recovery from short term intense

exercise was examined in 16 physically active men. They per-

formed 50 consecutive maximal voluntary knee extensions.

Following a 40 s rest period 5 additional maximal contractions

were executed. The decrease in torque during the 50 contractions

and the peak torque during the 5 contractions relative to initial

torque were used as indicies for fatigue and recovery, respectively

Venous blood samples were collected repeatedly up to 8 min past

exercise for subsequent lactate analyses. Muscle biopsies were

obtained from m. vastus lateralis and analysed for fiber type

composition, fiber area and capillary density.

Peak torque decreased 67 (range 47-82)% as a result of the

repeated contractions, Following recovery peak torque averaged

70 (47-86)% of the initial value. - -.

,Lactate concentration after the 50 contractions was 2.911.3,

S-".011 and the peak post exercise value averaged 8.7±2.1 " -li

Fatigue and recovery respectively were correlated with capillary

density (r=0.71 and 0.69) but not with fiber type distribution.

A relationship was demonstrated between capillary density and

the calculated lactate release (r=0.64)>Based on the present

findings it is suggested that lactate elimination from the

exercising muscle is dependent upon the capillary supply and

influences the rate of muscle force recovery._

Key words: fatiguei mean fiber area; muscle fiber types;

capillary density; peak torque
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Introduction

Heavy muscular exercise may result in impairment of the poten-

tial for further exercise. The reduction in performance capacity.,

caused by previous exercise, depends upon the mode, intensity

and duration of exercise as well as the length of recovery

phase. Accumulation of lactate and/or associated shifts in pH

have been regarded as the most likely factors responsible

for this impairment (cf. Simonson 1971; Karlsson 1979; Tesch

1980). It has been speculated that lactate and an associated

increase in H+ interfere with the formation of cross-bridges

in the muscle cell by competing with the Ca++ on the binding

sites of troponin (Nakamura and Schwartz 1972; Robertson and

Kerrick 1979). Both animal studies (Beatty et al. 1963;

Baldwin and Tipton 1972) and recent findings in humans (Tesch

et al. 1978; Tesch 1980) have suggested lactate to accumulate

at a higher rate in fast twitch (FT or Type II) than in slow

twitch (ST or Type I) fibers of exercised muscles. Lactate form-

ed and accumulated in FT fibers may accordingly result in a

greater inhibitory effect on the contractile machinery and a

greater decrement in muscle force if the muscle is made up by

a high percentage of FT fibers than can be expected in a

"slow twitch" muscle. Moreover, the over-all metabolic profile

of the ST fiber speaks in favor of a higher potential to re-

cover from previous exercise, since one can assume that a ST

muscle in comparison to a FT muscle is more efficient in

oxidizing lactate due to differences in LDH enzyme and iso-

zyme patterns (Sjbdin 1976). Moreover, a higher rate of

1a
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lactate release to the blood stream may be expected from ST

fibers due to a more developed capillary network (Folkow and

Halicka 1968; Andersen and Henriksson 1977).

The following study was conducted to examine the recovery

and lactate elimination pattern with regard to the capillary

supply of exercising muscle following a short term, intense

local performance task (Thorstensson and Karlsson 1976) which

has been shown to induce reduction in maximal voluntary strength.

.4
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Subjects, methods and materials

Sixteen male subjects volunteered for the study. All were

informed of the purpose and the risks associated with the

experiments, prior to giving their written consent. The sub-

ject group represented a variety in terms of physical activity

background including endurance running and advanced strength

training programs as well as more general training. Age,

height, weight, and maximal oxygen uptake attained on cycle

ergometer averaged (±SD) 27t4 yrs, 176±5 cm, 78.5±9.8 kg and

49±8 ml-kg-
1 .min- 1.

The first visit to the laboratory was intended to familia-

rize subjects with the isokinetic device (Cybex IIM Lumex Inc.,

N.Y.) and the protocol to be used in the experiments. Peak torque,

produced at angular velocities corresponding to 300, 1800 and

300 0.s
- 1, was recorded during knee extension. After a short

rest period a fatigue test consisting of 50 consecutive, maxi-

mal voluntary contractions performed at 180o-s - 1, was con-

ducted. For further information concerning the experimental
set-up, see Thorstensson and Karlsson (1976) and Tesch (1980).

Two days later the actual experiments were carried out.

The fatigue test was repeated and following a 40 s rest period

five additional consecutive, maximal voluntary contractions

were executed. The relative decrease in torque during 50 con-

tractions was used as an index for fatigue. Day to day varia-

tion for the fatigue test amounted to 2.6% (coefficient of

variation). Peak torque, developed during the following five

contractions, relative to initial torque was calculated and

expressed as an index for recovery (Fig. 1).
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Blood samples for spectrophotometric determination of lac-

tate concentration (Sigma Techn. Bull. 826, 1968) were ob-

tained through an indwelling catheter from an antecubital vein

prior to exercise, during the short recovery period, immediately

after the additional five contractions, and at each minute up

to eight minutes post exercise. As an index of lactate release

the concentration immediately post exercise relative to peak

lactate concentration was calculated (Fig. 1).

Muscle biopsies (Bergstrom 1962) were obtained from m.

vastus lateralis of the investigated limb at rest for subse-

quent histochemical analysis. Tissue specimen were frozen

in liquid nitrogen-cooled isopentane and stainings were per-

formed on cross-sections for myofibrillar ATPase (Padykula and

Herman 1955), NADH-tetrazolium reductase (Novikoff et al. 1961)

and Amylase-PAS (Andersen and Henriksson 1977). Muscle fiber

type distribution (%FT, %FT area) and mean muscle fiber area

were calculated according to Tesch (1980) while capillary den-

sity expressed as cap'mm-2 and cap-fib - were assessed as de-

scribed elsewhere (Andersen and Henriksson 1977).

__ ,,I ____n m mm mi
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Results

Values for peak torque per kg body weight at 30, 180 and

300°.-1, initial peak torque, peak torque decrease during the

fatigue test, increase in peak torque during recovery are pre-

sented in Table 1 along with information on fiber type distri-

bution, fiber area and capillary density. The inter-relation-

ships between peak torque at different angular velocities and

mean fiber area and fiber type distribution are depicted in

Table 2.

Mean initial peak torque at 180°.s- 1 was 178 (102-245) Nm.

Peak torque decreased on average of 120 (range 61-201) Nm or

67 (47-82) % following the 50 consecutive contractions. Peak

torque following recovery was 70 (47-86) % of the initial

value.

Blood lactate concentration at rest, following the 50 con-

tractions and immediately following the final contractions

averaged (±SD) 1.5±0.3, 2.9:1.3 and 5.3±2.3 mmol -1 1 . The

peak value following exercise was 8.7±2.1 mmol-i - 1 (Fig. 1).

Lactate release immediately following the 5th contraction rela-

tive to peak lactate concentration after exercise was 62±21%

(Fig. 2).

Peak torque decrease (fatigue) was negatively correlated

with recovery (r=-0.64, p<O.01). Neither fatigue nor recovery

were correlated with fiber type distribution. Fatigue and

4 recovery respectively were, however, correlated with cap-mm-2

(r=0.71, p<0.01 and r=0.69, p<0 .01, Fig. 3). Positive relation-

ships were also present between cap-mm-2 and lactate release

4..
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(r=0.64, p<0.01, Fig. 4) and lactate release and recovery

(r=0.55, p<0.05).

Multiple regression analysis revealed that 95% (R=0.98) of

the variance in recovery from fatigue could be explained by fiber

type distribution, capillary density, fatigue and peak torque.

"-I
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Discussion

Exercise induced muscle impairment, measured as a decline in

voluntary muscle strength, seems to have several causes and

sites of origin (cf. Asmussen 1979; Edwards 1981; Karlsson

1979; Tesch 1980). Even though the occurrence of "central

fatigue" or inhibition of parts of the central nervous system

(CNS) may result in deteriorated muscle function, the results

from a majority of studies suggest that metabolic events taking

place within the muscle fiber are the principal contributing

factors to the development of muscle fatigue during short term

high intensity exercise. As a third alternative or possibly

working in concert with pure "muscle fatigue" and "CNS fatigue",

a feed-back mechanism involving the muscle and higher centers

of the nervous system has been proposed (Asmussen and Mazin

1978a, b). Nevertheless, a hypothetical model to explain

muscle function impairment, following intense-exercise under

conditions of augmented glycogenolytic activity, can be sketched.

With extraordinarily high energy requirement and in the absence

of molecular oxygen lactic acid is produced and accumulated in

the muscle at a high rate concomitant with a decreased muscle

pH. The presence of an increased number of hydrogen ions within

the muscle cell causes an inhibition of cross-bridge formation,

since hydrogen competes with and seems to have higher affinity

to troponin than calcium (cf. Hermansen 1981). Hence, with less

binding sites available for calcium fewer interactions between

actin and rosin can be established and the muscle tension pro-

duced is subsequently reduced (Nakamura and Schwartz 1972;

Robertson and Kerrick 1979).

JJ



10

In contrast to previous studies (Thorstensson and Karlsson

1976; Tesch 1980) using the same experimental set-up no signi-

ficant relation was present between force decline and the re-

lative distribution of FT fibers. Hence, it is obvious that the

fiber type - fatigue relationship can be altered.

Animal studies (Kugelberg and Edstrhm 1968; Kugelberg and

Lindegren 1979) have demonstrated that fatigue properties of

single motor units were related to the oxidative capacity of

the innervated muscle fibers. Recently, Ivy et al. (1982),

using a protocol similar to our own, were able to demonstrate

a relationship (r=0.63) between the respiratory capacity of the

exercising muscle and rate of fatigue development whereas lower

correlations were established between fiber type composition and

muscle fatigue. The finding here of a relationship between fa-

tigue index and capillary density could be interpreted in the

same way. That is, the capillary supply reflects the over-all

metabolic profile of the exercising muscle and parallels both

mitochondrial content (Brodal et al. 1976) and the activity

of enzymes regulating oxidation (Hudlickd, 1981).

In the present study voluntary muscle strength was found

to decrease by an average of 67% and after a brief recovery

period contractile function was still depressed by 30%. To

a certain extent recovery in muscle contractility was influenced

by the magnitude of the preceding reduction in muscle strength.

Individuals who were most susceptible to fatigue also exhibited

the smallest recovery in muscle force.

Using an identical fatigue protocol, pronounced muscle lac-

tate accumulation occurred and concentrations remained the same
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or decreased only slightly 30 spostexercise (Tesch 1980). In

that study, however, a rapid restitution of muscle force took

place. Also, blood lactate concentration after exercise was

lower in subjects with muscles which decreased most in muscle

force, rich i.n FT fibers and producing most lactate. It was

speculated that individual variations in capillary supply of

the exercising muscle had impact on elimination of lactate from

the muscle. The fact that recovery from short term intense ex-

ercise was shown to be correlated with the density of the

capillary bed is thus supportive.

There are at least two possible explanations for the rela-

tionship between capillary supply on one hand and recovery and

lactate release on the other. First, capillary supply is simply

paralleling the oxidative capacity of the muscle. As an alterna-

tive proposition capillary density is a true reflection of the

open capillary surface area and thus the blood transport sys-

tem. Support for the first assumption was found in that the

magnitude of recovery, using the present experimental proce-

dures, was correlated with citrate synthase activity, a marker

for oxidative capacity (Tesch et al. 1983). Thus the possible

role of oxidative metabolism in recovery processes (Nassar-

Gentina et al. 1978) was implied and since fatigue index was

not negatively related to the activity of this enzyme a causal

relationship does not seem implausible. Jorfeldt and co-workers

(1978) found the rate of lactate release from exercising muscle

9to blood to be maximal at muscle lactate concentrations of

approximately 5 mmol-kg -w.w in spite of a further increased

blood flow. Thus membrane transport or uptake and elimination
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by the vascular system seemed to be impeded above that lactate

level. The authors did not indicate the magnitude of the indi-

vidual range in this response. It is therefore impossible to

speculate whether the levelling off observed was influenced

by peripheral factors such as capillary supply.

From the present findings we cannot elucidate which of these

two factors exerted the greatest influence on recovery factors.

However, it can be concluded that muscle force recovers at a

faster rate than lactate is eliminated.

Dynamic muscle strength strongly correlated with the relative

area occupied by FT fibers rather than with muscle fiber size

irrespective of contraction speed (angular velocity). Mean

fiber area of a muscle has been proposed to be a reliable

measure of its total cross-sectional area (H1iggmark et al.

1978); probably also mirroring the volume of the examined muscle.

Our data can therefore be interpreted to imply that fiber type

composition and selective FT fiber hypertrophy are both important

factors for muscle force production at slow velocities as well

as during high speed contractions (Tihanyi et al. 1982) as

suggested by Coyle et al. (1979);regor et al.(1979): This

permits a refinement of the general view that muscle mass per se

is the predominant factor influencing force production (Ikai and

Fukunaga 1972). This pattern was recently confirmed in a sample

of more than 100 physically active subjects (Tesch, unpublished

observations).

In summary, both fatigue and recovery of knee extensor

muscles were found to correlate with the capillary density of

that muscle. Since lactate release to the blood stream was
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correlated with capillary supply, it is suggested that recovery

processes are influenced by the rate of lactate disappearance

from the muscle

I
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TABLE 1. Mean (±SD and range) values for physiological

and histochemical variables examined.

Pyilq -vraes Mean (SD) Range

Peak torque at 30°.s- 1, Nm-kg-1 b.w 3.7 ( 0.8) 1.7-5.1

- -1800. s - 1, - - "- 2.3 (j,0.4) 1.3-3.1

3000.s- 1, 1.6 (±0.3) 1.3-2.1

Fatigue, % peak torque decrease 67 (-11) 47-82

Recovery, % peak torque of initial 70 (±13) 47-86

Histochemical variables

Fiber type distribution, % FT 46 (±12) 19-60

% FT area 51 (15) 18-66

Mean fiber area, pm2.100 66 (-18) 39-108

Capillary density, cap'mm 2  274 (t85) 156-489

-" , cap.fib -1  1.65(-0.30) 1.12-2.24

,0
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TABLE 2. Relationships between knee extension peak torque at different

angular velocities, expressed in absolute and relative (to body

weight) terms, and mean fiber area and fiber type distribution.

Level of significance is denoted (p<O.05=*, p<O.01=**, p<O.O01=***,

p>0.05=n.s).

Mean fiber area % FT area

Peak torque 30°.s - , Nm 0.47 n.s 0.48 n.s

, Nm.kg-  0.46 n.s 0.57 *

1800-.sl Nm 0.54 * 0.61 **

-"- - Nm'kg 1  0.55 * 0.82 *

3 00°.s
"I Nm 0.09 n.s 0.57 *

-- -"- Nm.kg " 1  0.41 n.s 0.77 ***

'4I
4,

__ t
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Figure legends

Fig. 1. Schematic description of the experimental design

showing force production during exercise and following a

40 s rest period. Values for lactate concentration are mean

and range.

Fig. 2. Examples of post exercise lactate response in two

subjects. Lactate release index was calculated as the lactate

concentration immediately post the fifth contraction relative

to peak lactate concentration during recovery. From the picture

it is evident that lactate release is different in the two

individuals exemplified (i.e. a greater lactate release is in-

dicated by filled dots as compared with open dots).

Fig. 3. The relationship of recovery to capillary density.

Fig. 4. The relationship of lactate release to capillary

density.

4
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HUMAN RESEARCH

Human subjects participated in these studies after giving their free and
informed voluntary consent. Investigators adhered to AR 70-25 and USAMRDC
Regulation 70-25 on Use of Volunteers in Research.

The views, opinions, and/or findings contained in this report are those of
the author(s) and should not be construed as an official Department of the
Army position, policy, or decision, unless so designated by other official
documentation.
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